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• 290; stream). The results are in good agreement with the previously calculated values. The positions of the stars in the disk and the spatial dispersion velocities are determined. The paths of cluster and associated stream are traced in the disk by orbit calculation back in time to their places of formation. A possible genetic relationship between the cluster and the stream has been detected. The approximation of the spatial and kinematical shape of the stream and the cluster is made. According to this study, even though currently the cluster and the stream seem to have spatial difference in their locations but they appear to have formed in the same region of the Galactic disk.
INTRODUCTION
Stellar moving groups are ensembles of gravitationally unbound stars moving with almost identical space motions (Montes et al. 2001 , Chumak & Rastorguev 2006 . IC 2391 is an interesting target which represents an open cluster as well as a stellar moving group (a.k.a. stream, flow, or supercluster). The young moving group IC 2391 was discovered by Eggen (1991) . In the Gaia era, with the availability of extremely precise data, moving groups are seeing new limelight to understand the Galactic disk in the solar neighborhood. Also, young clusters like IC 2391 in the solar vicinity enable us to characterize the abundance of our immediate portion of the Galactic disk (D'Orazi & Randich 2009 • 02 m 00 s ) with Galactic coordinates (l, b) = (270.
• 3622, −06.
• 8387). Due to its proximity, richness and low reddening, the cluster is well-studied in a wide range of frequencies from X-ray (Marino et al. 2005a) , optical (Pagano et al. 2009 ), infrared (e.g. Siegler et al. 2007 , Parker & Tinney 2013 to radio (Lim et al. 1996) . IC 2391 is known to harbour stars which have just arrived on the zero-age main-sequence (Marino et al. 2005a ). The cluster consists of stars with spectral types ranging from B to M which makes it interesting for studies of fast rotators (Marino et al. 2005b ). The cluster is expected to have lost a significant amount of its population via evaporation caused by dynamical processes (Boudreault & Bailer-Jones 2009) .
The cluster's heliocentric distance has been studied by various authors over the years. Efremov et al. (1997) gave Hipparcos (ESA 1997)-based distance modulus of IC 2391, (m−M ) = 5.84. Using Hipparcos data for 11 stars, Robichon et al. (1999) obtained a distance of 146 +48 −45 pc. Dodd (2004) evaluated the cluster's distance as 147 ± 5.5 pc. Barrado y Navascués et al. (2004) determined an age of 50 Myr for IC 2391 from the excess of lithium in the atmospheres of stars. Platais et al. (2007) gave a slightly lower value (40 Myr) of its age using main-sequence fitting. IC 2391 is known to have a low reddening value, E(B − V ) = 0.01 (Randich et al. 2001) .
The proper motion of the cluster was given by Loktin (2003) as (µ α cos δ, µ δ = −25.05 ± 0.34, 22.65 ± 0.28 mas yr −1 ), while Dodd (2004) gave mean proper motion components = −25.04 ± 1.53 and 23.19 ± 1.23 mas yr −1 . Both of these works used Tycho-2 catalogue (Høg et al. 2000) . Dias et al. (2002) listed the value of the proper motion components as −24.97 ± 0.30 and 22.70 ± 0.30 mas yr −1 . The radial velocity of IC 2391 is 12.487 ± 3.533 km s −1 as given by Conrad et al. (2014) and about 14.49 ± 0.14 km s −1 according to Dias et al. (2002) . In the 3D velocity space, a kinematical stream (or, moving group) of several dozens of stars is associated with IC 2391 open cluster. Eggen (1991) discovered the stream and used the term "supercluster" for it. Montes et al. (2001) prepared a modern list of the member stars of IC 2391 stream. The visible dimensions of the stream (in V ) are 60'.00 × 60'.00. The member stars of the stream occupy a broad area of the sky, with its stars being scattered almost throughout the northern hemisphere. Eggen (1991 Eggen ( , 1995 suggested an age spread among the stream's stars. Montes et al. (2001) provided an age estimate of 35 Myr for the stream.
With its unprecedented high accuracy, the Gaia data allows us to address the question of the reliability of the joint origin and the possible spatial-kinematic connection of the star stream and cluster. In this paper, we used two lists of stars: cluster members of IC 2391 listed in Cantat-Gaudin et al. (2018) and another list of stars belonging to the stream from Montes et al. (2001) . Data for the cluster and the stream's stars can be found in Table 1 and Table 2 , respectively. We will use these parameters to determine apex positions (example, Vereshchagin et al. 2014; Elsanhoury et al. 2016 Elsanhoury et al. , 2018 for the cluster and the stream using both convergent point method (CP) and AD-diagram method. We also study the space motion, the velocity ellipsoids, the shape in the space and birthplaces for both cluster and the stream.
The structure of this article is as follows: Section 2 explains the data used in this study. Section 3 deals with the kinematical properties. The next Section shows velocity ellipsoid parameters. In Section 5, we discuss the cluster's shape in space. Section 6 gives the birthplaces of the IC 2391 cluster and the stream. The conclusions of this work are presented in Section 7.
DATA AND SAMPLE OF STARS
Using Gaia Data Release 2 (GDR2, Gaia Collaboration et al., 2016 Collaboration et al., , 2018 the availability of radial velocity information. This list of 39 stars is used in this paper for the analysis of IC 2391 cluster's kinematics. The data used for cluster stars are listed in Table 1 . The distances to the stars are determined by the parallaxes (π) from GDR2. For each measurement of π, the Monte Carlo method generated N random variables in the range of (π ± σ π ). The resulting distribution is Gaussian with a maximum at a point with an argument value of π. Artificially modeled parallax values are transferred to distances according to the formula 1/π, where π is specified in arc seconds. The distribution of the obtained distances is not normal. By the method of least squares, it is approximated by a curve representing the Maxwell distribution. The argument values giving the maximum of this curve (maximum probability density) are taken as the most likely distance values.
The list of stream stars was taken from Montes et al. (2001) and is shown in Table 2 . The astrometric data (parallaxes and proper motions values) were taken from GDR2 for most of the stars. For two stars (HIP IDs 11072 and 62686), the astrometric data were taken from van Leeuwen (2007) . Table 1 and Table 2 are compiled in a slightly different format: in Table 1 the first column gives GDR2 number, while the first two columns in Table 2 represent Hipparcos (HIP) and GDR2 numbers. Then, the tables contain parallaxes (π) and their errors; proper motion components (µ α , µ δ ) and their errors. The next columns show radial velocities (V r ) and their errors. The references for the radial velocity data are mentioned in the "Ref." column ( The tables also present the values of apex (determined from AD-method) for individual stars determined in this work (A, D) and heliocentric distances (d). Montes et al. (2001) originally presented a list of 53 stars for the stream associated with IC 2391. But, while cross-matching the data with Gaia DR2, it gave us two entries in GDR2 for some stars. This is why Table 2 has 57 entries of stars. In the case of these stars, for the same HIP IDs, there were different GDR2 IDs. The fact that both the entries for these stars have approximately the same astrometric parameters give support to the notion in the favor of them being likely double or binary stars. The double star with two entries HIP 99803 was previously known. While the stars with Hipparcos IDs HIP 10175, 12326, 15058, 42253 are new likely double or binary stars. For the star with HIP ID 15058, one of the entries had no available measurement for the radial velocity and its error. This limited our calculations for apex to 56 entries.
Owing to its better spatial resolution and overall superior characteristics, Gaia results are overtaking the Hipparcos ones in their scientific significance. This also means that in the regions where HIP could discover one star, Gaia may discover multiple stars. Although we are using the stars with multiple entries as likely double or binary stars but we are not absolutely claiming about their status as double stars. The close values of astrometric parameters made us include these stars into our list rather than discarding that star entirely or choosing one of the two entries. 
KINEMATICAL PROPERTIES

Apex (vertex position) of the cluster
It is known that a moving cluster is a group of stars whose parallel motions on the celestial sphere and its direction of proper motion will direct towards a virtual point called convergent point or apex of this group. This method has been used by our group to determine apex and other kinematical parameters for open clusters M67, NGC 188 and Pleiades (Vereshchagin et al. 2014 , Elsanhoury et al. 2016 , 2018 .
Here, we calculate the apex for both cluster and stream represented by IC 2391 with the classical convergent point (CP) and the AD-diagram methods.
The CP method
It is a classical method which depends on the proper motion vectors components (i.e. µ α cos δ and µ δ in mas yr −1 ). Also, using the well-known formulae given by Smart (1968) , we can estimate the velocity components (V x , V y , V z ) along x, y, and z-axes in the coordinate system centered at the Sun for a group of N cluster member stars with coordinates (α, δ), at distance r i (pc), and with radial velocity V r (km s −1 ). i.e.
From the above equations and letting ξ = Vx Vz , η = Vy Vz , we get
where the coefficients
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and the index i varies from 1 to N which is the number of the cluster members. So
The coordinates (A CP , D CP ) of the cluster apex are derived from the Equations (1) and (2). The results on the apex position of both the cluster and the stream are presented in Table 3 .
The AD-diagram method
The formulae to construct the AD-diagram can be seen in Chupina et al. (2001 Chupina et al. ( , 2006 . The value of the apex coordinates for the IC 2391 cluster using data from Table 1 
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• 290). Figure 1 presents the constructed AD-diagrams for the cluster and the stream. It is evident that the directions of movement in space for the cluster and the stream almost coincide.
Space velocity components (U, V, W )
In order to compute the space velocity components U , V and W , we used an equatorialGalactic transformation explained in Liu et al. (2011) . They determined the position of the Galactic plane using recent catalogs like Two-Micron All-Sky Survey (2MASS, Skrutskie et al. 2006 ) and defined the optimal Galactic coordinate system by adopting the ICRS position of the compact radio source Sagittarius A * at the Galactic center (Liu et al. 2011) . The values of space velocity components along the three axes are given by: Figure 2 shows the components (U , V , W ) of the spatial velocities of the cluster stars and the stream stars, for which the input data were taken from Tables 1 and 2. As can be seen in Figure 2 , the components of space velocities of all the stars do not show much different orientation. Thus, it can be concluded that both the cluster and the stream move in approximately the same direction.
VELOCITY ELLIPSOID PARAMETERS
Formulae for the Velocity Ellipsoid Parameters
To compute the velocity ellipsoid and its parameters for IC 2391 open cluster and the stream, we followed the computational algorithm mentioned in Elsanhoury et al. (2015) . A brief explanation of the algorithm is given here.
The coordinates of the i th , star with respect to axes parallel to the original axes, but shifted to the center of the distribution i.e. towards average velocities (U , V and W ), will be (U i − U ); (V i − V ); (W i − W ). The average velocities U , V and W are defined as:
N being the total number of stars. Let ξ be an arbitrary axis, its zero point coincident with the center of the distribution and let l, m and n be the direction cosines of the axis with respect to the shifted ones, then the coordinates Q i of the point i, with respect to the ξ-axis is given by:
If the measured scatter components are Q i , a generalization of the mean square deviation can be defined as
From equations (3), (4) and (5) we deduce that σ 2 = x T Bx, where x is the (3 × 1) direction cosines vector and B is (3 × 3) symmetric matrix with elements µ ij :
The necessary conditions for an extremum are now
These are three homogeneous equations in three unknowns, which have a nontrivial solution if and only if
where λ is the eigenvalue, and x and B are given as: 
Depending on the matrix that controls the eigenvalue problem (Equation 6) for the velocity ellipsoid, we establish analytical expressions of some parameters for the correlations studies in terms of the matrix elements µ ij of the eigenvalue problem for the velocity ellipsoid (i.e. Velocity Ellipsoid Parameters, VEPs). 
The σ j , j = 1, 2, 3 parameters
The σ j , j = 1, 2, 3 parameters are defined as σ j = λ j .
The l j , m j and n j parameters
The l j , m j and n j are the direction cosines for eigenvalue problem. We have the following expressions for l j , m j and n j as Considering (x c , y c , z c ; pc) is the center of the cluster, it can be estimated as the equatorial coordinates of the center of mass for N number of discrete objects as given below: 
The L j and B j Parameters
Let L j and B j , j = 1, 2, 3 be the Galactic longitude and the Galactic latitude of the directions which correspond to the extreme values of the dispersion, then
The Solar elements
The Solar motion can be defined as the absolute value of the Sun's velocity relative to the group of stars under consideration, i.e.
, km s −1 .
The Galactic longitude l A and Galactic latitude b A of the Solar apex are Table 1 ) and for the stream stars (gray crosses, Table 2 ).
VEPs calculated parameters
We have a distribution of residual velocities of stars inside the cluster and moving group. In Table 3 we present the results of our calculations.
THE CLUSTER'S AND STREAM'S SHAPES IN SPACE
In Figure 3 , the curves show contours of equal flux star density. The kernel-density estimation was done considering Gaussian kernels (Scott, 2015) using scipy python package (Jones et al. 2001) to make the isodensity plot. At the periphery of the stream as well as the cluster too, stars are so few that it is not possible to determine a significant value of density. As can be seen in Figure 3 (left panel), the stars of the stream occupy a region stretched roughly along (at a small angle not exceeding 40 degree) the axis OY. The axis OY represents the direction of Galactic rotation. The reason behind this orientation is the process leading to the decay of clusters (from the associations containing multiple clusters) with their gradual stretching (due to differential rotation) along the direction of rotation of the Galactic disk. This causes the gradual transformation of clusters into streams with their transformation into ordered ring structures stretched around the Galactic center (Perottoni et al. 2019 , Wang et al. 2019 . Interestingly, a similar distribution of stellar flows/streams is observed in other galaxies (Pearson et al. 2019) . The fact that the stream's stars are scattered over a wide area of the sky and there are greater uncertainties in their selection, makes the distribution of stream stars much more scattered than the cluster stars in Figure 3 . As for the IC 2391 cluster itself, represented by a handful of stars (from Table 1 ) in Figure 3 (right panel), its spatial outlines shows the same pattern with a stretching along the OY direction. Since the number of stars in the sample used here is small, the structure is not defined in fine details. Figure 4 shows the 3D distribution of stars of the cluster and stream under consideration. It is noticeable from Figure 4 that the stars of the cluster and the stream are located in separate regions in space.
The structure of IC 2391 11 6 THE BIRTHPLACES OF THE IC 2391 STREAM AND OPEN STAR CLUSTER Figure 5 shows the position of the stars of the cluster and the stream approximately at the time of their formation, determined by trial calculations of orbits back in time, up to 70 million years ago. The galpy program was used to calculate the orbits (Bovy 2015) . Note that similar calculations carried out using another method are available in Kharchenko et al (2009) and Chumak & Rastorguev (2006) . Gravitational interactions among the stars of the stream were not taken into account. For the cluster, the effect of irregular forces was not taken into account (the dispersion of the peculiar velocities of stars, is a negligible value compared with the spatial velocity). In addition, the calculations did not take into account the effect of spiral arms. As suggested by Figure 5 , we conclude that the birthplaces of the stars of the cluster and the stream are in the same region of the disk.
CONCLUSIONS
In this work, we have determined various kinematical parameters of the open cluster IC 2391 (n = 39 stars) and the associated stream (n = 57 stars). A computational routine using the "Mathematica" software has been developed to compute the kinematical structure. We calculated the apex positions by two independent methods: convergent point method and AD-diagram using the two data presented in Table 1 and Table 2 . We have determined the apex position with convergent point method (A, D) CP =(6.
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• 290) for the cluster and the stream, respectively. Results from both the convergent point and AD-diagram methods are almost similar.
For the cluster IC 2391 and the stream, we have determined the velocity ellipsoid parameters (VEPs), including velocity dispersion (σ j ), direction cosines l j , m j and n j , Galactic longitude and latitude (L j ,B j ) with (j = 1, 2, 3), and the Solar elements S ⊙ , l A and b A . The parameters of the ellipsoids of residual velocities (VEPs) of the stars of the cluster and the stream are also determined.
It is evident from the two-dimensional Figure 3 and the 3D structure of the cluster and the stream shown in Figure 4 that the cluster and the stream are not spherically symmetric structures in the Galactic space. They are elongated in shape and directed along the direction of Galactic rotation. In general, all of this is consistent with the theoretical ideas regarding the tidal forces of the Galaxy acting on a stellar system, stretching the system towards the Galactic center and the differential rotation of the Galactic disk, turning the system in the direction of rotation. In addition, we obtained the evidence of the genetic connection between the star cluster IC 2391 and the stream back in time, leading to the time of their formation in the Galactic disk. participating in the Gaia Multilateral Agreement. This research has made use of the SIMBAD database, operated at CDS 3 , Strasbourg, France, Wenger et al. (2000) . • 88 ± 0.
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